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The E3 Ubiquitin Ligase AIP4 Mediates
Ubiquitination and Sorting
of the G Protein-Coupled Receptor CXCR4
the 2-adrenergic receptor (2AR) is necessary for tar-
geting to lysosomes as receptor mutants that are not
ubiquitinated internalize normally but fail to undergo
degradation, suggesting that the ubiquitin moiety serves
as a sorting signal (Marchese and Benovic, 2001; Shenoy
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The sorting decision between the recycling and degra-Institute for Cancer Research
The Norwegian Radium Hospital dation pathways occurs in endosomes, where receptors
that are destined for degradation are found concen-Montebello
N-0310, Oslo trated on clathrin-coated microdomains of early endo-
somes (Sachse et al., 2002). These coated areas areNorway
adjacent to invaginations that give rise to vesicles that
bud away from the cytosol into the lumen of the endo-
some, and as the endosome matures, it accumulatesSummary
internal vesicles and forms a structure known as the
multivesicular body (MVB; Katzmann et al., 2002). TheUbiquitination of the chemokine receptor CXCR4 serves
limiting membrane of the MVB eventually fuses withas a targeting signal for lysosomal degradation, but the
lysosomes to allow for degradation to occur. In yeast,mechanisms mediating ubiquitination and lysosomal
several proteins known as class E vacuolar protein sort-sorting remain poorly understood. Here we report that
ing (Vps) proteins appear to act at a common step tothe Nedd4-like E3 ubiquitin ligase AIP4 mediates ubi-
ensure proper sorting of cargo to the MVB. Deletionsquitination of CXCR4 at the plasma membrane, and
of these proteins give rise to a compartment known asof the ubiquitin binding protein Hrs on endosomes.
the class E compartment, which is characterized byCXCR4 activation promotes CXCR4 colocalization
the presence of an enlarged endosomal structure thatwith AIP4 and Hrs within the same region of endo-
accumulates trans-Golgi network (TGN), endosomal,somes. Endosomal sorting of CXCR4 is dependent on
and vacuolar markers (Katzmann et al., 2002).Hrs as well as the AAA ATPase Vps4, the latter involved
Recent studies in yeast have revealed that ubiquitina-in regulating the ubiquitination status of both CXCR4
tion of many proteins is required for entry into MVBsand Hrs. We propose a model whereby AIP4, Hrs, and
(Katzmann et al., 2001; Reggiori and Pelham, 2001; Ur-Vps4 coordinate a cascade of ubiquitination and deu-
banowski and Piper, 2001). Ubiquitin may act as a sort-biquitination events that sort CXCR4 to the degrada-
ing signal because it binds specialized domains, includ-tive pathway.
ing UIM and UVE domains, found in several proteins
of the endosomal sorting machinery (Katzmann et al.,
Introduction 2002). For example, the yeast protein Vps27 and its
mammalian ortholog Hrs have been shown to bind ubi-
Many G protein-coupled receptors (GPCRs) are subject quitin and to regulate the trafficking of cargo to the
to a complex series of regulatory events involving phos- degradative pathway. Other proteins of the transport
phorylation, interaction with arrestins, recruitment to machinery are thought to assist in this process, includ-
clathrin-coated pits, and internalization into endocytic ing the AAA-type ATPase Vps4 (Babst et al., 1997). Vps4
vesicles (Claing et al., 2002). Internalized receptors are plays a role in the dissociation and disassembly of the
either recycled back to the plasma membrane or sorted transport machinery from endosomal membranes (Babst
to the degradative pathway, where they are subject to et al., 1998).
proteolysis in lysosomes. Although relatively little is The attachment of ubiquitin to substrate proteins is
known about the molecular mechanisms mediating GPCR carried out by an ATP-dependent mechanism that is
sorting, recent studies have suggested the involvement catalyzed by the sequential activity of three enzymes:
of GPCR-interacting proteins in dictating whether a re- ubiquitin-activating enzymes (E1s), ubiquitin-conjugat-
ceptor enters the recycling or degradative pathways ing (UBC) enzymes (E2s), and ubiquitin ligases (E3s).
(Marchese et al., 2003). In addition, it has been known E3s provide the necessary specificity because they rec-
for several years that ubiquitin modification of yeast ognize the substrate. One class of E3s that mediates
GPCRs targets them for degradation in the vacuole, the ubiquitination of cell signaling receptors belongs to
the yeast equivalent of lysosomes (Hicke and Riezman, the Nedd4-like family. Nedd4, a prototypic member of
1996; Roth and Davis, 1996). However, only recently has this family, contains an350 amino acid HECT (homolo-
this been shown for mammalian GPCRs (Marchese and gous to E6-AP C terminus) catalytic domain with an
Benovic, 2001; Shenoy et al., 2001). Agonist-promoted active site cysteine that forms a thiolester bond with
ubiquitination of the chemokine receptor CXCR4 and ubiquitin, a Ca2-dependent phospholipid binding C2
domain, and three or four WW domains (Harvey and
Kumar, 1999). WW domains interact with proline-rich*Correspondence: benovic@lac.jci.tju.edu
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sequences or phosphoserine/threonine residues in sub- a late endosomal and lysosomal marker (Marchese and
Benovic, 2001). In cells expressing wild-type AIP4,strate proteins (Lu et al., 1999). Other less studied mem-
bers of the Nedd4-like family of E3 ubiquitin ligases have CXCR4 was internalized but showed little colocalization
with the early endosomal marker EEA1 after a 3 hr ago-also been described, including AIP4 and Nedd4-2 (also
known as KIAA0439; Harvey and Kumar, 1999). nist treatment, suggesting localization in late endo-
somes or lysosomes (Figure 1D, lower panels). In con-In an attempt to elucidate the molecular events that
mediate the ubiquitin-dependent targeting of CXCR4 trast, in cells expressing AIP4-C830A, CXCR4 showed
strong colocalization with EEA1 after a 3 hr agonist treat-to lysosomes, we sought to identify proteins that are
involved in this process. We show here that AIP4, a ment (Figure 1D, upper panels). Thus, CXCR4 appears
to accumulate on early endosomes in cells that expressmember of the Nedd4 family of E3 ubiquitin ligases,
mediates agonist-dependent ubiquitination of CXCR4 AIP4-C830A, suggesting that a subsequent sorting step
is abrogated.and in turn ubiquitination of Hrs. In addition, we provide
evidence that Hrs and Vps4 mediate the sorting of To further confirm a role for AIP4 in the degradation
of CXCR4, we employed siRNA to reduce endogenousCXCR4 to the degradative pathway. We demonstrate
that targeting CXCR4 to the degradative pathway is reg- levels of AIP4. HEK293 cells were cotransfected with
CXCR4 and either vehicle, a control siRNA or an AIP4-ulated by AIP4 at multiple sites in the endocytic pathway
and involves Hrs and Vps4. specific siRNA. The AIP4 siRNA effectively reduced AIP4
expression compared to vehicle- or control siRNA-
treated cells (Figure 1E, top panel). Moreover, agonist-Results
promoted degradation of CXCR4 was reduced 50%
in cells treated with the AIP4 siRNA compared to theUbiquitination and Degradation of CXCR4
control siRNA- and vehicle-treated cells (Figure 1E). Al-Are Mediated by AIP4, a Nedd4-like
though CXCR4 degradation was not completely blocked,E3 Ubiquitin Ligase
possibly because the reduction in AIP4 levels was notWe have recently shown that agonist activation pro-
complete in the siRNA-treated cells, these data clearlymotes rapid ubiquitination and lysosomal-mediated
demonstrate that AIP4 contributes to the degradationdegradation of exogenously expressed CXCR4 in HEK293
of CXCR4.cells, similar to the degradation pattern observed for
To establish that endogenous CXCR4 is also regu-endogenous CXCR4 in CEM cells (Marchese and Be-
lated by AIP4, we utilized HeLa cells, a cell line thatnovic, 2001). In an effort to better understand how ubi-
expresses endogenous CXCR4 and AIP4. Cells werequitination contributes to the degradation of CXCR4,
transfected with vehicle, the control siRNA, or the AIP4-we attempted to identify the E3 ubiquitin ligase that
specific siRNA, and agonist-promoted degradation ofmediates agonist-promoted ubiquitination of CXCR4.
CXCR4 was assessed by immunoblotting lysates fromWe initially examined the role of Nedd4 family members
cells incubated in the absence or presence of SDF forin the ubiquitination and degradation of CXCR4. Several
mammalian members of this family have been identified, 3 hr. As observed in HEK293 cells, the AIP4 siRNA effec-
tively reduced AIP4 expression compared to vehicle-including Nedd4, AIP4, and Nedd4-2, and implicated in
the ubiquitination of a number of proteins (Harvey and or control siRNA-treated cells (Figure 1F, top panel).
Moreover, treatment of HeLa cells with agonist for 3Kumar, 1999). A schematic representation of the domain
structure of a typical Nedd4 family member including hr led to a nearly complete loss of CXCR4 that was
significantly attenuated in the AIP4 siRNA transfectedthe location of the active site cysteine within the HECT
domain is shown in Figure 1A. We initially determined cells (Figure 1F). These data establish that endogenous
CXCR4 in HeLa cells is regulated by endogenous AIP4.the effect of catalytically inactive mutants on agonist-
promoted degradation of CXCR4. HEK293 cells cotrans- Because we have shown that CXCR4 degradation
correlates with its ubiquitination status (Marchese andfected with HA-tagged CXCR4 and either wild-type or
mutant versions of Nedd4, AIP4, or Nedd4-2 were as- Benovic, 2001), we next assessed the role of AIP4 on
ubiquitination of CXCR4. HEK293 cells transfected withsessed for CXCR4 degradation by immunoblot analysis.
In cells transfected with either empty vector (CMV) or HA-tagged CXCR4, 3FLAG-tagged ubiquitin, and ei-
ther empty vector (CMV) or AIP4 were incubated withwild-type AIP4, CXCR4 underwent significant degrada-
tion following a 3 hr agonist treatment (Figure 1B). agonist for 0, 5, 15, or 30 min and CXCR4 was then
immunoprecipitated and immunoblotted for FLAG-taggedHowever, cotransfection with AIP4-C830A, a catalyti-
cally inactive mutant of AIP4, severely attenuated ago- ubiquitin. As shown in Figure 2A, expression of AIP4 led
to a significant increase in agonist-promoted ubiquitina-nist-promoted degradation of CXCR4 (Figures 1B and
1C). Interestingly, expression of AIP4-C830A also led to tion of CXCR4. To further define the role of AIP4 in CXCR4
ubiquitination, we next assessed whether AIP4-C830A in-a significant upregulation of receptor expression, possi-
bly due in part to an inhibition of basal degradation. In hibited agonist-promoted ubiquitination of CXCR4. In or-
der to more readily detect ubiquitinated CXCR4, cellscontrast, coexpression of either wild-type or catalyti-
cally inactive forms of Nedd4 or Nedd4-2 had no signifi- were transfected with a greater amount of epitope-
tagged ubiquitin as compared to the experiment in Fig-cant effect on CXCR4 degradation (Figure 1C).
We next examined the distribution of CXCR4 in ure 2A. Under these conditions, agonist-dependent ubi-
quitination of CXCR4 was observed in cells expressingHEK293 cells expressing wild-type AIP4 or AIP4-C830A
by immunofluorescence microscopy. We have pre- empty vector and was effectively attenuated in cells
expressing AIP4-C830A (Figure 2B). Consistent with theviously shown that a 90 min treatment with agonist pro-
motes significant colocalization of CXCR4 and LAMP1, results presented in Figure 1, the inhibition of CXCR4
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Figure 1. The Role of Nedd4-like E3 Ubiquitin Ligases in Agonist-Promoted Degradation of CXCR4
(A) Schematic representation of Nedd4 family HECT domain E3 ubiquitin ligases. The calcium binding C2 domain, WW domains, and the
ubiquitin-ligase HECT domain are shown. The critical cysteine residue that forms a thiolester linkage with ubiquitin is indicated.
(B) The HECT domain mutant of AIP4 (C830A) inhibits agonist-promoted degradation of CXCR4. HEK293 cells were transfected with empty
vector (CMV) or constructs encoding myc-tagged wild-type AIP4 or AIP4-C830A plus HA-tagged CXCR4. Cells were incubated in the absence
or presence of 100 nM SDF for 3 hr at 37C. Equal amounts of cell lysates from treated and untreated cells were analyzed by immunoblotting
(IB) using an anti-HA antibody. Blots were stripped and reprobed with anti-myc and -tubulin antibodies. Shown are representative blots from
seven independent experiments.
(C) Agonist-promoted degradation of CXCR4 is specifically mediated by AIP4 and not the related E3 ubiquitin ligases Nedd4-2 and Nedd4.
HEK293 cells were transfected with the indicated constructs, treated as above, and subjected to densitometric analysis. Blots were stripped
and reprobed with tubulin to normalize for equal loading. Bars represent the percent of receptor degraded in cells treated with agonist for 3
hr versus untreated cells. Error bars represent the mean  SE of three to seven independent experiments. Only AIP4-C830 significantly
inhibited agonist-promoted degradation of CXCR4 as compared to vector (CMV) transfected cells (paired t test, p  0.0001).
(D) CXCR4 accumulates on endosomes in cells expressing AIP4-C830A. HEK293 cells were transfected with HA-tagged CXCR4 and wild-
type AIP4 or AIP4-C830A. Cell surface receptors (left panels) were labeled with a polyclonal HA antibody for 1 hr on ice, washed twice with
ice-cold PBS, and treated with DMEM containing 10% FBS and 100 nM SDF for 3 hr at 37C. Cells were then fixed, permeabilized, and stained
with a monoclonal antibody for the early endosomal marker EEA1 (center panels). In cells expressing AIP4-C830A (upper panels), CXCR4
showed strong colocalization with EEA1, whereas in cells expressing wild-type AIP4, CXCR4 showed little colocalization with EEA1 (lower
panels). Right panels show the merged images of CXCR4 (green) and EEA1 (red) and their colocalization (yellow). The white bars represent
10 microns.
(E and F) AIP4-specific siRNA attenuates agonist-promoted degradation of CXCR4. Targeted reduction of AIP4 expression by RNA interference
using AIP4 siRNA inhibits agonist-promoted degradation of expressed CXCR4 in HEK293 cells (E) and endogenous CXCR4 in HeLa cells (F).
Cells were treated as in (C). Data represent the percent of receptor degraded in cells treated with agonist versus untreated cells. Error bars
represent the mean  SE of three independent experiments. Also shown are representative immunoblots of lysates from cells transfected
with vehicle (Veh), control siRNA (CON), and AIP4 siRNA (AIP4). The top panel shows AIP4 levels while the bottom panel shows tubulin levels.
ubiquitination was specific for AIP4-C830A and was not AIP4 Colocalizes with CXCR4
at the Plasma Membraneobserved with catalytically inactive mutants of Nedd4-2
(C962S) or Nedd4 (C853S) (Figure 2B). Moreover, deple- Previously, we have shown that CXCR4 is ubiquitinated
at the plasma membrane upon agonist activation, astion of endogenous AIP4 by siRNA treatment effectively
reduced agonist-promoted ubiquitination of CXCR4 as expression of dynamin-K44A blocks CXCR4 internaliza-
tion and leads to an accumulation of ubiquitinatedcompared to control siRNA-treated cells (Figure 2C).
Taken together, our results demonstrate that ubiquitina- CXCR4 (Marchese and Benovic, 2001). To gain further
insight into the role of AIP4 in CXCR4 ubiquitination, wetion and degradation of CXCR4 is specifically mediated
by AIP4. To our knowledge, this represents the first used immunofluorescence microscopy to visualize the
distribution of CXCR4 and AIP4 in the absence or pres-example of an E3 ubiquitin ligase directly implicated in
the ubiquitination and downregulation of a mamma- ence of agonist. HEK293 cells expressing low levels of
myc-tagged AIP4 were used because we were unablelian GPCR.
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Figure 2. Agonist-Promoted Ubiquitination of CXCR4 Is Specifically Mediated by AIP4
(A) AIP4 enhances ubiquitination of CXCR4. HEK293 cells were transfected with HA-tagged CXCR4 (1 g) and 3FLAG-tagged ubiquitin (1
g) plus either empty vector (CMV) or myc-tagged AIP4. Cells were incubated in the absence or presence of 100 nM SDF for 0–30 min at
37C. Receptors were immunoprecipitated (IP) and blots were immunoblotted (IB) with an anti-FLAG antibody to detect the incorporation of
epitope-tagged ubiquitin. Under these conditions, ubiquitinated receptor was not observed in cells expressing empty vector but was dramati-
cally increased and easily detected in cells expressing AIP4. Blots were stripped and immunoblotted to detect the receptor. Total cell lysates
(TCL) were also subjected to immunoblotting to detect the expression of myc-tagged AIP4. Shown are representative blots from four
independent experiments.
(B) The HECT domain mutant of AIP4 blocks agonist-promoted ubiquitination of CXCR4. HEK293 cells were transfected with HA-tagged
CXCR4 (1 g) and 3FLAG-tagged ubiquitin (3 g) plus the catalytically inactive mutants of AIP4 (C830A), Nedd4-2 (C962S), and Nedd4
(C853S). Cells were incubated with SDF for 30 min and then treated as in (A). Under these conditions, agonist-promoted ubiquitination of
CXCR4 is observed in empty vector transfected cells and is blocked in cells expressing AIP4-C830A but not Nedd4-2-C962S or Nedd4-C853S.
Blots were stripped and immunoblotted to detect the receptor. Total cell lysates (TCL) were also subjected to immunoblotting to detect the
expression of the HECT domain mutant constructs. Shown are representative blots from four independent experiments.
(C) Depletion of AIP4 by siRNA blocks agonist-promoted ubiquitination of CXCR4. HEK293 cells were transfected with HA-tagged CXCR4
and 3FLAG-tagged ubiquitin plus control siRNA or siRNA against AIP4. Cells were treated as in (B). Agonist-promoted ubiquitination of
CXCR4 is blocked in AIP4 siRNA-treated cells. Blots were stripped and immunoblotted to detect the receptor. Total cell lysates (TCL) were
also subjected to immunoblotting to detect the expression level of endogenous AIP4. Shown are representative blots from four indepen-
dent experiments.
to detect endogenous AIP4 by immunofluorescence mi- CXCR4 became more punctate and showed strong colo-
calization with AP-2 (Figure 3B). Similarly, the AIP4 sig-croscopy. To focus our analysis on events occurring
at the plasma membrane, we selectively labeled HA- nal became more punctate where it colocalized, with
some of the coated pit-localized CXCR4 (Figure 3B;tagged CXCR4 present on the surface by incubating
fixed but nonpermeabilized cells with an anti-HA anti- white arrowheads in insets and white puncta in inset of
the overlay image). Thus, these data reveal that uponbody. To further ensure that we were observing the
plasma membrane, we used AP-2 as a marker, a struc- agonist activation, AIP4 colocalizes with CXCR4 at the
plasma membrane.tural component of plasma membrane coated pits that
is not present in the TGN or in other intracellular com-
partments (Robinson, 1987). In unstimulated cells, sur- Sorting and Degradation of CXCR4 Are Mediated
face CXCR4 was predominantly diffuse on the plasma by Hrs
membrane, with only a small fraction of the signal lo- We next examined the role of Hrs in CXCR4 trafficking
calizing in AP-2-labeled coated pits, while the AIP4 sig- to lysosomes. Vps27, the yeast ortholog of Hrs, binds
nal was primarily diffuse but could also be observed in ubiquitin via its UIM domains and is critical for sorting
small puncta distributed throughout the cell (Figure 3A). ubiquitinated cargo into MVBs (Bilodeau et al., 2002;
Shih et al., 2002). Hrs also binds ubiquitin and recruitsFollowing a 15 min incubation with agonist, surface
AIP4 Mediates CXCR4 Ubiquitination and Sorting
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Figure 3. CXCR4 and AIP4 Colocalize at the Plasma Membrane in an Agonist-Dependent Manner
HEK293 cells were transfected with HA-tagged CXCR4 and myc-tagged AIP4. Cells were incubated in the absence (A) or presence (B) of SDF for
15 min. Cells were fixed and cell surface receptors were labeled with a rabbit polyclonal HA antibody. Cells were subsequently permeabilized and
stained for AIP4 and AP2. In the absence of agonist (A), CXCR4 (green) and AIP4 (red) show diffuse staining at the plasma membrane and
show little colocalization with AP2 (blue). In the presence of agonist (B), CXCR4 and AIP4 become more punctate at the plasma membrane
and together colocalize with AP2. The arrowheads in insets indicate puncta that contain CXCR4, AIP4, and AP2 (white). Insets represent
enlarged (3-fold) views of the boxed regions. The white bar represents 10 microns.
clathrin to specialized microdomains on early endo- colocalized on enlarged endosomes, further implicating
Hrs in the sorting of CXCR4 to the degradative pathway.somes, where it is thought to sort ubiquitinated cargo
into invaginating domains (Raiborg et al., 2001a, 2002). To further define a role for Hrs in CXCR4 sorting,
we employed RNA interference to reduce endogenousTo define a role for Hrs in CXCR4 trafficking, we initially
employed confocal microscopy to assess whether Hrs levels of Hrs. Agonist-promoted degradation of CXCR4
was assessed in HEK293 cells transfected with CXCR4and CXCR4 colocalize within cells. For these experi-
ments, we utilized HeLa cells expressing exogenous and either vehicle, control siRNA, or Hrs-specific siRNA.
CXCR4 degradation was completely blocked in cellsCXCR4 to facilitate its localization by immunofluores-
cence. Before stimulation, CXCR4 was primarily on the treated with the Hrs-specific siRNA compared to vehi-
cle- or control siRNA-treated cells (Figure 4D), and nicelycell surface with some receptor localized inside the cell
having minimal colocalization with endogenous Hrs (Fig- correlated with the significant reduction of endogenous
Hrs levels in these cells (Figure 4D, inset). Taken to-ure 4A). Upon stimulation with agonist for 1 hr, CXCR4
was mainly found on puncta within the cell that revealed gether, these data implicate an essential role for Hrs in
agonist-dependent degradation of CXCR4.significant colocalization with Hrs-positive endosomes
(Figure 4B). Because these data raise the possibility that We next examined the distribution of CXCR4 after a
3 hr treatment with agonist in HEK293 cells that haveHrs is involved in CXCR4 sorting, Hrs might be expected
to colocalize with receptor within the same microdo- been depleted of endogenous Hrs by siRNA. As shown in
Figure 4E, CXCR4 appeared punctate in control siRNA-mains of endosomal membranes. When cells are trans-
fected with a GTPase-defective mutant of Rab5, Rab5- treated cells and showed very little colocalization with
the early endosomal marker EEA1, consistent with re-Q79L, enlarged early endosomes are formed due to
increased fusion (Stenmark et al., 1994) and the detec- ceptor trafficking to late endosomes or lysosomes. In
contrast, in Hrs siRNA-treated cells, CXCR4 appearedtion of endosomal microdomains by confocal micros-
copy is facilitated (Raiborg et al., 2001a). To address to be predominantly localized to enlarged endocytic
structures that were also positive for EEA1 (Figure 4F).whether CXCR4 and Hrs are within the same microdo-
main, HeLa cells were cotransfected with Rab5-Q79L and Interestingly, these enlarged endocytic structures are
somewhat reminiscent of those observed in DrosophilaCXCR4, stimulated with agonist for 1 hr, and stained for
CXCR4 and Hrs. As shown in Figure 4C, CXCR4 and Hrs cells that lack Hrs (Lloyd et al., 2002).
Developmental Cell
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Figure 4. Hrs Regulates Sorting of CXCR4
(A and B) CXCR4 and Hrs colocalize on endosomes upon agonist activation. HeLa cells transfected with HA-tagged CXCR4 were incubated
in the absence (A) or presence (B) of 100 nM SDF for 1 hr at 37C. Cells were then permeabilized, fixed, and stained with anti-CXCR4 (left
panels) and anti-Hrs (center panels) antibodies and the images were merged (right panels). CXCR4 and Hrs show strong colocalization and
appear yellow in the merged image. Insets represent enlargement of boxed regions. The white bar represents 5 microns.
(C) Agonist-promoted localization of CXCR4 to Hrs-positive microdomains of Rab5-Q79L enlarged endosomes. HeLa cells transfected with
HA-tagged CXCR4 and Rab5-Q79L were incubated with 100 nM SDF for 1 hr at 37C. Cells were then permeabilized, fixed, and stained with
anti-CXCR4 (left panel) and anti-Hrs (center panel) antibodies. Merged images are shown in the right panels. Insets show endosomes that
show distinct membrane domains containing both CXCR4 and Hrs (yellow in inset). The white bar represents 5 microns.
(D) Hrs is important for degradation of CXCR4. HEK293 cells were transfected with HA-tagged CXCR4 and vehicle (Veh), control siRNA (CON),
or siRNA against Hrs (Hrs). After 72 hr, cells were treated in the absence or presence of 100 nM SDF for 3 hr at 37C. Samples were then
analyzed by immunoblotting (IB) as in Figure 1C. Data represent the percent of receptor degraded in cells treated with agonist versus untreated
cells. Agonist-promoted degradation is blocked by siRNA against Hrs, but not by control siRNA or vehicle. Error bars represent the mean 
SE of three independent experiments. A representative immunoblot (IB) of samples from cells transfected with vehicle (Veh), control siRNA
(CON), and Hrs siRNA (Hrs) is shown. The top panel shows Hrs levels while the bottom panel shows tubulin levels.
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Ubiquitination of Hrs Is CXCR4 Dependent AIP4 were incubated in the absence or presence of
agonist for 30 min followed by immunoprecipitation ofand Mediated by AIP4
Hrs and immunoblotting to detect AIP4. As shown inBecause Hrs has been shown to undergo ubiquitination
Figure 6C, a single band corresponding to myc-taggedupon activation of the EGF receptor (Polo et al., 2002),
AIP4 was observed in immunoprecipitates from cellswe next determined whether activation of CXCR4 also
expressing both Hrs and AIP4 but not from cells ex-promoted ubiquitination of Hrs. HEK293 cells were
pressing AIP4 or Hrs alone. Notably, the presence oftransfected with CXCR4, FLAG-tagged ubiquitin, and
CXCR4 or agonist had no effect on the association ofeither vector (pcDNA) or myc-tagged Hrs. The cells were
Hrs and AIP4, suggesting that Hrs and AIP4 are constitu-incubated in the absence or presence of agonist for 30
tively associated in cells.min followed by immunoprecipitation of Hrs and immu-
In an effort to better understand how CXCR4 stimu-noblotting to detect the incorporation of ubiquitin. As
lates Hrs ubiquitination, we examined whether activa-shown in Figure 5A, activation of CXCR4 promoted ubi-
tion of CXCR4 promotes tyrosine phosphorylation ofquitination of Hrs. Because we identified a role for AIP4
Hrs. As shown in Figure 6D, agonist activation of CXCR4in CXCR4 ubiquitination, we reasoned that the same
failed to promote tyrosine phosphorylation of Hrs, whileligase might also mediate ubiquitination of Hrs. Thus,
activation of the EGF receptor effectively promoted Hrswe assessed the effect of AIP4 and AIP4-C830A on
phosphorylation. To determine whether AIP4 plays aubiquitination of Hrs in HEK293 cells. Ubiquitination of
broad role in ubiquitin-dependent endosomal sorting,Hrs was partially enhanced (2-fold in agonist-stimulated
we also examined the role of AIP4 on trafficking of thelanes) in cells expressing wild-type AIP4 and was com-
EGF receptor. As shown in Figure 6E, endogenous EGFpletely blocked in cells expressing AIP4-C830A (Figure
receptors undergo rapid agonist-dependent degrada-5A). In contrast, CXCR4-promoted ubiquitination of Hrs
tion in HeLa cells, and depletion of AIP4 by siRNA ap-was not inhibited by the catalytically inactive mutants
peared to have no effect on this process. This suggestsof Nedd4 and Nedd4-2 (data not shown). Moreover, ago-
that AIP4 does not play a significant role in EGF receptornist-dependent ubiquitination of Hrs was effectively in-
sorting to lysosomes. Taken together, these data sug-hibited in cells in which endogenous AIP4 was depleted
gest that phosphorylation and ubiquitination of Hrs areby siRNA (Figure 5B). Taken together, these data sug-
mutually exclusive events with regard to CXCR4 sortinggest that CXCR4-dependent ubiquitination of Hrs is spe-
and that Hrs differentially regulates the sorting of recep-cifically mediated by AIP4.
tors destined for degradation in lysosomes.
AIP4 and Hrs Colocalize on Endosomes Vps4 Regulates the Degradation of CXCR4
We next used confocal microscopy to assess whether and the Ubiquitination Status of Both CXCR4
Hrs and AIP4 are located within the same cellular com- and Hrs
partment in HeLa cells. To facilitate observation of endo- In an attempt to define additional components of the
somal associated AIP4, these studies were performed endocytic pathway that mediate the trafficking of ubiqui-
in cells that were permeabilized before fixation in order tinated CXCR4 to lysosomes, we next examined the
to wash out cytosolic proteins. We observed that myc- role of Vps4. Ectopic expression of an ATPase-defective
tagged AIP4 distribution was punctate, with significant form of Vps4 leads to impaired trafficking of the EGF
colocalization with Hrs on endosomes (Figure 5C). In receptor to lysosomes (Yoshimori et al., 2000). To char-
contrast, the distribution of expressed Nedd4 was dra- acterize the role of Vps4 in CXCR4 trafficking, we as-
matically different showing no colocalization with Hrs sessed the effect of wild-type or mutant GFP-tagged
(data not shown). These data are consistent with the Vps4 on agonist-promoted degradation of CXCR4 in
results that Hrs is specifically ubiquitinated by AIP4. HEK293 cells by immunoblot analysis. As shown in Fig-
We next examined whether CXCR4 also colocalized ure 7A, vector (CMV) or wild-type Vps4 had no significant
with Hrs and AIP4 simultaneously on endosomes. In effect on CXCR4 degradation while Vps4-E228Q com-
HeLa cells, stimulation with SDF promoted CXCR4 colo- pletely blocked agonist-promoted degradation of the
calization with AIP4 and Hrs on endosomes (Figure 6A). receptor. The effect of Vps4-E228Q on CXCR4 degrada-
To assess whether these three proteins colocalized tion was at a postinternalization step because it had no
within the same region of the endosome, the cells were effect on internalization of the receptor (data not shown).
cotransfected with Rab5-Q79L. As shown in Figure 6B, These data establish that Vps4 is regulating a critical
we found that CXCR4, AIP4, and Hrs colocalized within step in the trafficking of CXCR4 to lysosomes.
some of the same regions of Rab5-Q79L enlarged endo- We have previously shown that the ubiquitination sta-
somes. We also assessed whether AIP4 and Hrs physi- tus of CXCR4 was significantly enhanced in cells where
cally associate in cells. HEK293 cells transfected with internalization was blocked by coexpression of dynamin-
K44A, presumably because the receptor cannot enter aHA-tagged CXCR4, FLAG-tagged Hrs, and myc-tagged
(E and F) Treatment with Hrs siRNA leads to an accumulation of CXCR4 on endosomes. HEK293 cells were transfected with HA-tagged
CXCR4 and control siRNA (E) or siRNA against Hrs (F) and grown on coverslips. Cell surface receptors (left panels) were labeled with a
polyclonal HA antibody for 1 hr on ice, washed twice with ice-cold PBS, and treated with DMEM containing 10% FBS and 100 nM SDF for 3
hr at 37C. Cells were then fixed, permeabilized, and stained with a monoclonal antibody for the early endosomal marker EEA1 (center panels).
In cells treated with control siRNA (E), CXCR4 (green in merged images, right panels) showed little colocalization with EEA1 (red in merged
images, right panels), whereas in cells treated with Hrs siRNA, CXCR4 showed strong colocalization (yellow in merged images, right panels)
with EEA1 (F). The white bar represents 10 microns.
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Figure 5. CXCR4-Promoted Ubiquitination of Hrs Is Mediated by AIP4
(A) Agonist-promoted activation of CXCR4 promotes AIP4-dependent ubiquitination of Hrs. HEK293 cells transfected with HA-tagged CXCR4,
3FLAG-tagged ubiquitin, and T7-tagged Hrs and either empty vector (CMV), myc-tagged AIP4, or myc-tagged AIP4-C830A were incubated
in the absence or presence of 100 nM SDF for 30 min at 37C. Hrs was immunoprecipitated (IP) with an anti-Hrs polyclonal antibody and
immunoblotted (IB) with an anti-FLAG antibody to detect the incorporation of ubiquitin. Blots were stripped and reprobed with an anti-T7
antibody to detect Hrs. Total cell lysates (TCL) were also subjected to immunoblotting to detect the expression level of each construct. Shown
are representative blots from four independent experiments.
(B) Depletion of AIP4 by siRNA inhibits CXCR4-promoted ubiquitination of Hrs. HEK293 cells transfected with HA-tagged CXCR4 and FLAG-
tagged Hrs and control siRNA or siRNA against AIP4 were incubated in the absence or presence of 100 nM SDF for 30 min at 37C. Hrs was
immunoprecipitated (IP) with an anti-FLAG polyclonal antibody and immunoblotted (IB) with an anti-ubiquitin antibody to detect the incorpora-
tion of endogenous ubiquitin. Blots were stripped and reprobed with an anti-FLAG antibody to detect Hrs. Total cell lysates (TCL) were also
subjected to immunoblotting to detect the expression level of endogenous AIP4.
(C) AIP4 colocalizes with Hrs on endosomes. HeLa cells were transfected with myc-tagged AIP4, permeabilized with saponin, fixed, and
stained with anti-myc and anti-Hrs antibodies. Under these conditions, most of the cytosolic AIP4 is washed from the cells; however, endosomal
associated AIP4 remains and colocalizes with Hrs. The inset shows examples of colocalization (in yellow color) between AIP4 and Hrs. The
white bar represents 5 microns.
compartment where it becomes deubiquitinated (Mar- Because expression of Vps4-E228Q led to an accu-
mulation of ubiquitinated CXCR4 (Figure 7B) and ap-chese and Benovic, 2001). In a yeast strain lacking Vps4,
the removal of ubiquitin by Doa4 from protein conjugates pears to cause an accumulation of ubiquitinated pro-
teins on endosomal membranes (Bishop et al., 2002),is severely delayed (Amerik et al., 2000). Because Vps4-
E228Q-inhibited CXCR4 degradation (Figure 7A) and we next determined whether Vps4 also modulated the
ubiquitination status of Hrs. Agonist activation of CXCR4ubiquitination of CXCR4 is critical for targeting the re-
ceptor to lysosomes, we next assessed the effect of promoted ubiquitination of Hrs; however, in cells coex-
pressing wild-type Vps4, the ubiquitination status of HrsVps4-E228Q on the ubiquitination status of CXCR4.
HEK293 cells expressing tagged CXCR4 and ubiquitin was dramatically reduced (Figure 7C). Strikingly, in cells
coexpressing Vps4-E228Q, the ubiquitination status ofand either empty vector (CMV), GFP-tagged wild-type
Vps4, or Vps4-E228Q were incubated in the absence or Hrs was significantly increased (Figure 7C). These re-
sults suggest that Vps4 regulates the ubiquitination sta-presence of agonist for 30 min followed by immunopre-
cipitation of CXCR4 and immunoblotting to detect the tus of both CXCR4 and Hrs and suggest that deubiquiti-
nation of both CXCR4 and Hrs may be necessary beforeincorporation of ubiquitin. Under these conditions, ex-
pression of Vps4-E228Q resulted in a significant accu- targeting to the degradative pathway can occur. Over-
expression of wild-type Vps4 and Vps4-E228Q did notmulation of ubiquitinated CXCR4 (Figure 7B).
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Figure 6. CXCR4 Colocalizes with AIP4 and Hrs on Endosomes
(A and B) CXCR4 colocalizes with AIP4 in Hrs-containing microdomains on endosomes. HeLa cells transfected with HA-tagged CXCR4 and
myc-tagged AIP4 (A) or HA-tagged CXCR4, myc-tagged AIP4, and Rab5-Q79L (B) were stimulated with SDF for 1 hr, permeabilized, fixed,
and stained with anti-HA, anti-AIP4, and anti-Hrs antibodies. Examples of colocalization are shown in the insets, with white color indicating
colocalization between CXCR4, AIP4, and Hrs. The white bar represents 5 microns.
(C) AIP4 and Hrs exist as part of a complex in cells. HEK293 cells were transfected with HA-tagged CXCR4, myc-tagged AIP4, FLAG-tagged
Hrs, or empty vector (CMV and pcDNA). Cells were incubated in the absence or presence of 100 nM SDF for 30 min at 37C. Hrs was
immunoprecipitated (IP) with an anti-FLAG polyclonal antibody and immunoblotted (IB) with an anti-myc monoclonal antibody to detect AIP4.
Blots were stripped and reprobed with an anti-FLAG antibody to detect Hrs. Total cell lysates (TCL) were also subjected to immunoblotting
to detect the expression level of each construct. Shown are representative blots from three independent experiments.
(D) Agonist activation of CXCR4 does not promote tyrosine phosphorylation of Hrs. BHK cells transfected with EGF receptor and CXCR4 were
stimulated with EGF and SDF, respectively. Cells were lysed and Hrs was immunoprecipitated (IP) and immunoblotted (IB) with an anti-
phosphotyrosine antibody. Agonist activation of the EGF receptor promoted tyrosine phosphorylation of Hrs but not agonist activation of
CXCR4. The blot was stripped and reprobed with an anti-Hrs antibody.
(E) Depletion of AIP4 does not affect EGF receptor degradation. Depletion of endogenous AIP4 by siRNA does not inhibit agonist-promoted
degradation of endogenous EGF receptors in HeLa cells. HeLa cells were treated with vehicle, control siRNA, or AIP4 siRNA for 72 hr. Cells
were then incubated in the absence or presence of 100 ng/ml EGF for 1 hr at 37C. Shown are representative blots of lysates from cells
transfected with vehicle (Veh), control siRNA (CON), and AIP4 siRNA (AIP4) in the absence or presence of EGF immunoblotted (IB) with an anti-
EGF receptor antibody. The blot was stripped and reprobed with anti-tubulin antibodies. AIP4 levels were also assessed by immunoblot analysis.
affect the colocalization of CXCR4 and AIP4 with Hrs be modulated by activation of CXCR4. HEK293 cells
transiently transfected with HA-tagged CXCR4, FLAG-on endosomes (data not shown).
Finally, we assessed whether Hrs and Vps4 exist as tagged Hrs, and GFP-tagged Vps4 were incubated in
the absence or presence of agonist for 30 min followedpart of a complex in cells and if so, whether this could
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Figure 7. CXCR4 Trafficking to Lysosomes Occurs through a Vps4-Sensitive Pathway
(A) Vps4-E228Q inhibits agonist-promoted degradation of CXCR4. HEK293 cells were transfected with HA-tagged CXCR4 and pcDNA3, GFP-
tagged Vps4, or GFP-tagged Vps4-E228Q. Cells were incubated in the absence or presence of 100 nM SDF for 3 hr at 37C. Equal amounts
of cell lysates from treated and untreated cells were analyzed by immunoblotting (IB) using an anti-HA antibody. Blots were stripped and
reprobed with anti-GFP (Vps4) and tubulin antibodies. Shown are representative blots from six independent experiments.
(B) Vps4-E228Q leads to an accumulation of ubiquitinated CXCR4. HEK293 cells were transfected with HA-tagged CXCR4, FLAG-tagged
ubiquitin and pcDNA3, GFP-tagged Vps4, or GFP-tagged Vps4-E228Q. Cells were incubated in the absence or presence of 100 nM SDF for
30 min at 37C. Receptors were immunoprecipitated (IP) and blots were immunoblotted (IB) with an anti-FLAG monoclonal antibody to detect
the incorporation of ubiquitin. Blots were stripped and reprobed with an anti-HA antibody to detect CXCR4. Aliquots of total cell lysates (TCL)
were boiled and immunoblotted to detect the expression of the Vps4 constructs. Shown are representative blots from four independent experi-
ments.
(C) Vps4-E228Q leads to an accumulation of ubiquitinated Hrs. HEK293 cells were transfected with HA-tagged CXCR4, FLAG-tagged ubiquitin,
T7-tagged Hrs and CMV, GFP-tagged Vps4, or GFP-tagged Vps4-E228Q. Cells were incubated in the absence or presence of 100 nM SDF
for 30 min at 37C. Hrs was immunoprecipitated (IP) with an anti-Hrs polyclonal antibody and immunoblotted (IB) with an anti-FLAG monoclonal
antibody to detect the incorporation of the epitope-tagged ubiquitin. Blots were stripped and reprobed with an anti-myc antibody to detect
Hrs. Total cell lysates (TCL) were also subjected to immunoblotting to detect the expression level of CXCR4 and the Vps4 constructs. Shownare
representative blots from four independent experiments.
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by immunoprecipitation of Hrs and immunoblotting to CXCR4 may occur through an intermediate protein. For
example, it has been proposed that ubiquitination of thedetect Vps4. As shown in Figure 7D, Vps4 coimmuno-
precipitated with Hrs in an agonist-dependent manner. 2AR is mediated by an unknown ubiquitin ligase that
interacts with the adaptor protein arrestin-3 (Shenoy etTaken together, our data suggest that the CXCR4-
dependent interaction between Vps4 and Hrs may in al., 2001). It is also possible that ubiquitination of CXCR4
may be influenced by posttranslational modification ofpart regulate the ubiquitination status of both Hrs and
CXCR4. AIP4. For example, tyrosine phosphorylation of AIP4
occurs upon activation of the EGF receptor, although
the function of AIP4 phosphorylation remains unknownDiscussion
(Courbard et al., 2002). Regardless of the molecular de-
tails, our data indicate that AIP4 colocalizes with CXCR4In the work presented here, we provide evidence that
CXCR4 is ubiquitinated by the E3 ubiquitin ligase AIP4 in at the plasma membrane and mediates its ubiquiti-
nation.an agonist-dependent manner at the plasma membrane.
Upon internalization, ubiquitinated CXCR4 traffics to en- We also provide evidence that AIP4, but not Nedd4
and Nedd4-2, acts in trans to regulate the sorting ofdosomes where it localizes within Hrs-positive regions
on endosomes. We show that AIP4 is also colocalized CXCR4 to the degradative pathway. Our data indicate
that AIP4 specifically mediates CXCR4-promoted ubi-with CXCR4 and Hrs within these same regions, where
it likely mediates CXCR4-dependent ubiquitination of quitination of Hrs. We show that AIP4 colocalizes with
Hrs within the same region of endosomes that also con-Hrs. We show that both AIP4 and Hrs are required for
targeting CXCR4 to the degradative pathway and exist tain internalized CXCR4. In contrast, Nedd4 is not local-
ized to endosomes, revealing specificity at the level ofas part of a complex in cells, suggesting that AIP4 acts
at multiple steps to regulate the sorting of CXCR4 to the intracellular distribution of AIP4 and Nedd4 that par-
allels the degradation and ubiquitination data. This maythe degradative pathway. Furthermore, targeting of
CXCR4 to the degradative pathway also involves Vps4, reflect a difference in the ability of the two E3s to differ-
entially bind to substrates as has been observed withan AAA ATPase that appears to associate with Hrs upon
agonist activation of CXCR4 and coincides with the deu- latent membrane protein 2A of Epstein-Barr virus (Win-
berg et al., 2000). Hrs and AIP4 can be coimmunoprecipi-biquitination of both CXCR4 and Hrs. We propose a
model whereby targeting of CXCR4 to lysosomes is car- tated from cell lysates, suggesting that they exist as
part of a complex in cells. Hrs contains a single PPXYried out by a dynamic series of events comprised of
ubiquitination and deubiquitination of the receptor and motif that may mediate direct interaction with AIP4.
However, mutation of the proline residues to alaninescomponents of the transport machinery (Figure 7E).
We show that AIP4 plays a critical role in the lysosomal failed to abrogate association between the two proteins
(data not shown). Thus, we cannot rule out the possibilitytargeting of CXCR4. Our data suggest that agonist acti-
vation leads to the colocalization of AIP4 and CXCR4 that this association may be indirect. Regardless of the
mode of interaction, our data clearly demonstrate thatat the plasma membrane where it ubiquitinates CXCR4.
This is consistent with our previous report in which we AIP4 mediates the ubiquitination of Hrs. Therefore, our
findings reveal that AIP4 functions at multiple sites toshowed accumulation of ubiquitinated CXCR4 in cells
when internalization was inhibited (Marchese and Be- target CXCR4 to the degradative pathway and reveals
the importance of ubiquitination in a cis- and trans-novic, 2001). At present, we do not know the molecular
determinants mediating the recruitment of AIP4 to CXCR4; acting manner for this process. This is somewhat remi-
niscent of what occurs in yeast cells where Rsp5, thehowever, AIP4 is thought to bind to substrates through
an interaction mediated by its WW domains with either ortholog of Nedd4, is also located at multiple sites within
the endocytic pathway (Wang et al., 2001). Rsp5 appearsPPPY or PPXY (where X is any amino acid) motifs (Pirozzi
et al., 1997; Winberg et al., 2000) or phosphothreonine to regulate the trafficking of the yeast -mating factor
receptor at multiple steps, although it is not knownand phosphoserine residues (Lu et al., 1999). Because
CXCR4 is phosphorylated upon agonist activation (Hari- whether it plays a role in receptor sorting at the endo-
some (Dunn and Hicke, 2001a, 2001b). Targeting of thebabu et al., 1997), it is tempting to speculate that AIP4
interacts directly with CXCR4 as a consequence of re- EGF receptor to the degradative pathway may also be
mediated by ubiquitination at multiple steps but by twoceptor phosphorylation. However, attempts to coimmu-
noprecipitate CXCR4 and AIP4 from cells have been distinct E3 ubiquitin ligases, c-Cbl at the plasma mem-
brane (Thien and Langdon, 2001) and possibly Nedd4unsuccessful. Alternatively, the recruitment of AIP4 to
(D) CXCR4 mediates the association of Hrs and Vps4. HEK293 cells were transfected with HA-tagged CXCR4, FLAG-tagged Hrs, GFP-tagged
Vps4, GFP-tagged Vps4-E228Q, or empty vector (CMV and pcDNA). Cells were incubated in the absence or presence of 100 nM SDF for 30
min at 37C. Hrs was immunoprecipitated (IP) with an anti-FLAG polyclonal antibody and immunoblotted (IB) with an anti-GFP monoclonal
antibody to detect Vps4. Blots were stripped and reprobed with an anti-FLAG antibody to detect Hrs. Aliquots of total cell lysates (TCL)
were boiled and subjected to immunoblotting to detect the expression of the Vps4 constructs. Shown are representative blots from three
independent experiments.
(E) Model of the molecular events mediating sorting of CXCR4 on endosomes. Once in an endosomal compartment, CXCR4 is localized to
Hrs-positive regions of endosomes. AIP4 is also localized to Hrs-positive regions of endosomes where it presumably mediates CXCR4-
dependent ubiquitination of Hrs. Although we show AIP4 interacting with Hrs, we cannot exclude the possibility that this interaction is indirect.
The action of Vps4 appears to coincide with the deubiquitination of both CXCR4 and Hrs by an unknown deubiquitinating enzyme (Dub). We
speculate that this is followed by the selective incorporation of deubiquitinated CXCR4 into the invaginating domain of the endosome.
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(Katz et al., 2002). EGF receptor-dependent ubiquitina- been shown that Hrs interacts with Tsg-101, a compo-
tion of Hrs has been reported to be mediated by Nedd4, nent of the ESCRT-I complex (Bache et al., 2003a).
although the role of other E3s is not known (Katz et al., Interestingly, Vps4 appears to regulate the ubiquitina-
2002). Interestingly, AIP4 does not appear to be involved tion status of both CXCR4 and Hrs; however, the molec-
in EGF receptor sorting to the degradative pathway, ular mechanism by which this occurs remains unclear.
suggesting that AIP4 may be involved in the sorting of Vps4-E228Q led to significant accumulation of ubiquiti-
a subset of cargo revealing a previously unappreciated nated CXCR4 and Hrs (Figure 7), but it has also been
level of specificity in ubiquitin-dependent sorting that suggested to prevent the release of sorting machinery
occurs on endosomes. components from endosomal membranes (Bishop and
Recent studies have suggested that Hrs/Vps27 may Woodman, 2001). This suggests that deubiquitination
represent an endosomal receptor that binds to the ubi- may occur downstream of Vps4 function, after the re-
quitin moiety on cargo via its UIM domain, thus selec- lease of the sorting machinery from endosomal mem-
tively targeting ubiquitinated cargo to the degradative branes has taken place. Why this would favor a state in
pathway (Raiborg et al., 2002; Shih et al., 2002). We which deubiquitination occurs remains unknown, but it
establish here that Hrs is critical for targeting CXCR4 to is tempting to speculate that it may allow for the recruit-
the degradative pathway, and given the importance of ment of the deubiquitinating machinery. Interestingly,
the UIM domain in endosomal sorting of cargo, it is STAM-2, a protein that interacts with Hrs and is localized
tempting to speculate that Hrs recognizes ubiquitinated within Hrs-positive microdomains on endosomes, also
CXCR4 on endosomes. However, we cannot exclude interacts with a known deubiquitinating enzyme (Kato
the possibility that Hrs may instead have an indirect et al., 2000).
role in targeting CXCR4 to the degradative pathway. In summary, we have identified three important com-
Potentially, the UIM domain of Hrs may be binding to ponents critical for targeting CXCR4 to the degradative
the ubiquitin moiety provided by a protein other than pathway. We have identified the E3 ubiquitin ligase AIP4
CXCR4. Candidate proteins include those of the trans- in mediating the targeting of CXCR4 to the degradative
port machinery, such as STAM-1, STAM-2, and Eps15, pathway. AIP4 appears to act at multiple steps in the
all of which contain UIM domains, can themselves be endocytic pathway by ubiquitinating CXCR4 at the
ubiquitinated, and colocalize within Hrs microdomains plasma membrane followed by subsequent ubiquitina-
on endosomes (Bache et al., 2003b; Katz et al., 2002; tion of Hrs on endosomes where it regulates Hrs-depen-
Polo et al., 2002). It is also possible that the UIM domain, dent sorting of CXCR4. This is followed by the action
which is necessary for ubiquitination of the UIM-harbor- of Vps4, an AAA ATPase whose function appears to
ing protein itself, may instead serve to promote its own coordinate the deubiquitination of both CXCR4 and Hrs.
ubiquitination by directly binding to the ubiquitin of a Our data provide novel mechanistic insight into the mo-
thiolester-linked ubiquitin-E3 catalytic intermediate, a lecular events mediating GPCR sorting to the degrada-
process referred to as intramolecular ubiquitination tive pathway and the complex nature with which cell
(Polo et al., 2002). In this scenario, the ubiquitin moiety signaling receptors communicate with components of
might function to modulate the activity of Hrs in a manner the transport machinery to dynamically coordinate the
that would influence its ability to sort cargo. Interest- molecular events required for proper sorting in the de-
ingly, tyrosine phosphorylation of Hrs does not appear gradative pathway.
to be involved in the sorting function of Hrs with respect
Experimental Proceduresto CXCR4. Alternatively, we cannot rule out the possibil-
ity that other regions of Hrs in addition to the UIM domain
Cell Lines, DNA Constructs, and Antibodiesmay be important for targeting CXCR4 to the degrada- HEK293, BHK, and HeLa cells (American Type Culture Collection)
tive pathway. For instance, Hrs contains a VHS domain, were maintained in Dulbecco’s modified Eagle’s medium (DMEM;
a conserved motif that is also found in a family of pro- Mediatech) supplemented with fetal bovine serum (FBS; Life Tech-
nologies). HA-tagged CXCR4 in pcDNA3 and 3FLAG-ubiquitin inteins known as the GGA proteins, where it functions in
pCMV-10 were as previously described (Marchese and Benovic,cargo recognition in the Golgi.
2001). Constructs encoding N-terminal myc-tagged wild-type andWe also provide evidence that Hrs and Vps4 exist
catalytically inactive AIP4 and Nedd4-2 were provided by Dr. Tonyas part of a complex in cells. In yeast cells, ubiquitin-
Pawson (Samuel Lunenfeld Research Institute, Toronto, Canada).
dependent sorting of cargo on endosomes is thought Constructs encoding T7-tagged wild-type and catalytically inactive
to be mediated by a dynamic series of events involving Nedd4 were provided by Dr. Daniela Rotin (Hospital for Sick Chil-
Vps27 and the sequential recruitment of the ESCRT dren, Toronto, Canada). Constructs encoding myc-tagged Hrs and
the anti-Hrs polyclonal antibodies were as previously describedcomplexes followed by their release from endosomal
(Raiborg et al., 2001a, 2001b). Constructs encoding GFP-taggedmembranes and disassembly due to the action of Vps4
wild-type Vps4 and E228Q were kindly provided by Dr. Philip Wood-(Katzmann et al., 2002). ESCRT-III is composed of four
man (University of Manchester). The anti-myc, anti-HA, anti-ubiqui-
structurally related cytosolic proteins that associate tin, and anti-GFP monoclonal antibodies and the anti-HA polyclonal
when recruited to endosomal membranes, and can be antibodies were purchased from Covance. The anti-FLAG M2 mono-
functionally subdivided into two distinct subcomplexes clonal antibody was from Sigma-Aldrich. The anti-T7 monoclonal
antibody was from Novagen. The anti--tubulin monoclonal anti-(Snf7/Vps20 and Vps2/Vps24). In a final step, Vps4 is
body was from Accurate Chemical and Scientific. The anti-phospho-recruited by the Vps2/Vps24 subcomplex to catalyze
tyrosine horseradish peroxidase-conjugated antibody and the anti-the release of the entire ESCRT machinery from the
EEA1 monoclonal antibody were from Transduction Laboratories.endosomal membrane (Babst et al., 2002). Therefore,
The goat polyclonal AIP4 antibody and goat anti-IgG horseradish
the interaction between Hrs and Vps4 may be indirect peroxidase conjugate were from Santa Cruz Biotechnology. Mouse
and involve the mammalian counterparts of Vps2/Vps24 and rabbit anti-IgG antibody horseradish conjugates were from Vec-
tor Laboratories. The anti-EGF receptor monoclonal antibody wasor perhaps additional proteins. Indeed, it has recently
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from StressGen. The AP.6 mouse monoclonal antibody was pre- University of Toronto, Toronto, Canada), and Philip Woodman (Uni-
versity of Manchester) for kindly providing reagents. A.M. was sup-viously described (Beck et al., 1992). Fluorescein-conjugated don-
key anti-rabbit, rhodamine Red-X-conjugated donkey anti-goat, and ported by postdoctoral fellowships from the Canadian Institutes of
Health Research and the American Heart Association. J.L.B. andCy5-conjugated donkey anti-mouse antibodies were purchased
from Jackson ImmunoResearch. siRNA directed against human J.H.K. were supported by grants from the National Institutes of
Health and C.R. and H.S. were supported by the Norwegian CancerAIP4 and Hrs were from Dharmacon Research. Stromal derived
factor-1 (SDF) and epidermal growth factor (EGF) were from Pe- Society and the Novo Nordisk Foundation.
proTech.
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